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OIL SIIALE 
SUPEII-CRITICAL EXT~L~CTION 
O r i g i n  of t.h~.l Lnvcntion 
---.- --- 
The i n v e n t i o n  d e s c r i b e d  h e r e i n  was made i n  t h e  
performance o f  work under  a NASA c o n t r a c t  and is  sub- 
ject to  t h e  p r o v i s i o n s  o f  S e c t i o n  305 of t h e  N a t i o n a l  
Aeronau t i c s  and Space A c t  of  1958, P u b l i c  Law 83-568 
( 7 2  S t a t  435; 42 USC 2457 ) .  
Technica 1 F i e l d  
Tho prescllt: i nvcsntion r e l a t e s  t o  t h e  e x t r a c t i o n  
of o i l  sha l c*  a~ l t l ,  11u)r-o l ) a r t i c u l a r l y ,  t o  t h e  e x t r a c -  
t i o n  of oi I ~311i1 l t!  1 1 1  I l l z i n g  a  s u p e r c r i t i c a l  f l u i d .  
Thr? c:c>nrcullllrl i 011 of  o i l  and g a s  r e p r e s e n t s  abou t  
80% of t l ~ l - ,  c:on,.luml)t. i o n  of f o s s i l  f u e l s  i n  t h e  Uni ted  
S t a t e s .  AL the prcoen t  t i m e ,  abou t  one-half  o f  t h e  
e lectr ic  power i s  q c n c r a t e d  from n a t u r a l  g a s  and 
petroleum. F u e l s  o t h e r  t h a n  l i q u i d  and gaseous  hydro- 
carbons ,  such  a s  n u c l e a r ,  hydrogen o r  methanol  are 
be ing  i n v e s t i g a t e d  a s  a r e  power s o u r c e s  o t h e r  t h a n  
i n t e r n a l  combust ion eng ines ,  such  a s  f u e l  s e l l s ,  
p h o t o v o l t a i c  ce l l s  o r  e lectr ic  s t o r a g e  b a t t e r i e s .  
iiowever, consumers a r e  accustomed t o  u s i n g  l i q u i d  f u e l s  
and t h e  supp ly ,  d i s t r i b u t i o n ,  power g e n e r a t i o n  and 
market ing i n f r a s t r u c t u r e  a r e  a l r e a d y  i n  p l ace .  The 
demand f o r  l i q u i d  hydrocarbon f u e l s  f o r  power genera-  
t i o n  and t r a n s p o r t a t i o n  i s  expec ted  to  doub le  by t h e  
y e a r  2000. 
There a r e  l a r g e  d e p o s i t s  of  o i l  s h a l e  i n  t h e  
United S t a t e s  and Canada. The o r g a n i c  p o r t i o n  o f  o i l  
s h a l e  h a s  a  h i g h e r  ind igenous  hydrogen c o n t e n t  t h a n  
c o a l .  T h i s  f o s s i l  f u e l  i s  a  p o t e n t i a l  s o u r c e  o f  
l i q u i d  f u e l  which would conse rve  t h e  r a p i d l y  d e p l e t i n g  
pet ro leum and n a t u r a l  g a s  r e s o u r c e s  f o r  o t h e r  e s sen -  
t i a l  u s e s  as  a f e e d s t o c k  f o r  t h e  s y n t h e t i c  rubbe r  and 
r e s i n  i n d u s t r i e s .  The l i q u i d  hydrocarbon e x t r a c t  from 
o i l  s h a l o  coulcl a l . ~ o  uupply chemica l  i n t e r m e d i a t e s  o r  
I ~ e r v e  R H  a trylll l r t , l : i c :  r o s i n  or rubbe r  f eeds tock .  
tiroen It lvor oil s h a l e  i n  t h e  wes t e rn  Uni ted  
State11 i H COIIH L ~ o J - u ~  11y many a s  second o n l y  t o  c o a l  as 
t h e  l i~rcjtrnt j)ol.t!l~t i ~ l  s o u r c e  o f  f u e l  i n  t h e  energy  
f u t u r e  o f  t h o  United S t a t e s .  I n  a d d i t i o n ,  because o f  
1 0  i t s  h igh  ind iqcnous  hydrogen c o n t e n t ,  it i s  c o n s i d e r e d  
s u p e r i o r  t o  c o a l  a s  a p o t e n t i a l  f e e d s t o c k  f o r  conver- 
s i o n  i n t o  l i q u i d  f u e l s .  The o r g a n i c  m a t t e r  i n  o i l  
s h a l e  i s  c o n v e n t i o n a l l y  s e p a r a t e d  by r e t o r t i n g  from 
t h e  i n o r q a n i c s  w i t h  which it is  a s s o c i a t e d .  Tempera- 
I ') t u r e s  s u f f i c i e n t  t o  c r a c k  t h e  o r g a n i c s  are used,  and a 
very-h igh-n i t roqcn ,  u n s t a b l e  "petroleum" i s  produced. 
I t  i s  f o r e c a z t e d  by some s t r a t e g i c  p l a n n e r s  t h a t  such  
o i l  s h a l e  syncrude  cou ld  e n t e r  i n t o  t h e  domes t ic  mar- 
k e t  d u r i n g  t h e  n e x t  decads  and r e s u l t  i n  r e d u c t i o n  i n  
20  t h e  n a t i o n ' s  dependency on o v e r s e a s  f u e l  s u p p l i e s .  
However, r e t o r t i n g  has  n o t  y e t  proven c a p a b l e  o f  pro- 
duc ing  a  f u e l  t h a t  i s  t r u l y  c o s t  c o m p e t i t i v e ,  and 
p r e s e n t  d e c r e a s e s  i n  t h e  p r i c e  o f  c r u d e  pe t ro leum 
have reduced a t  l e a s t  t h e  s h o r t  term commercial 
25 p o t e n t i a l  of a l l  s y n f u e l s .  
Background A r t  
O i l  s h a l e  r e t o r t i n g i n  e i t h e r  above-ground or i n -  
s i t u  r e t o r t s  c e n t e r s  around h e a t i n g  t h e  m a t e r i a l ,  which 
1s t y p i c a l l y  85% r o c k ,  t o  abou t  480°C (900°F) o r  h i g h e r  
3 0 i n  a l o w  oxygen environment .  The kerogen and bitumen 
i n  t h e  rock  are decomposed i n t o  o i l ,  g a s ,  and a  r e s i d u a l  
c h a r  which remains  w i t h i n  t h e  rock .  Under f a v o r a b l e  
c i r cums tances  i n  t h e  l a b o r a t o r y ,  7 0  w t %  o f  t h e  o r g a n i c  
matter i s  conve r t ed  t o  o i l  upon h e a t i n g  t o  500°C, and  
t h e  remainder iej converted t o  about  15% g a s  and 15% 
char .  These y i e l d s  change when o i l  s h a l e  i s  pro- 
cessed  i n  proto type  commercial retorts. O i l  y i e l d  i s  
reduced from 10% t o  30% below modified F i s c h e r  a s say  
5 y i e l d s ,  dopunding o n  t h e  process ,  and c h a r  and g a s  
y i e l d s  a r e  correspondingly  increased.  
The energy c o n t e n t  of t h e  o r g a n i c  m a t t e r  n o t  
converted t o  o i l  exceeds n e t  p rocess  h e a t  r equ i re -  
ments f o r  o i l  s h a l e  r e t o r t i n g .  The excess  depends 
10 on t h e  o rgan ic  content .  of t h e  s h a l e  and t h e  p rocess  
des ign ,  hu t  for w e l l  develcped p rocesses  us ing  a 
medium grade  of nhale (roughly 11 t o  1 5  w t %  orgcinic 
m a t t e r )  t h e  exceNH (!an be 100% g r e a t e r  than  h e a t  re- 
quirement ti. l o t  l I I H ~  nnce, t h e  TOSCO I1 process  i s  
1 5  based on  dtscardlr~cj LOO0 of  t h e  char  produced from 
11% orcjall l c: 111i\ t t c + r  tihale. The excess  can be double 
o r  t r i l ~ l t ~  t l r  i~ a ~ ~ ~ u u r l t  when r i c h e r  m a t e r i a l  i s  
proceaeed. 
The encrijy conta ined i n  t h e  c h a r  and gas  by- 
20 p roduc t s  t y p i c a l l y  cannot  be used e f f i c i e n t l y .  The 
g a s  produced is o f t e n  g r e a t l y  d i l u t e d  wi th  n i t r o g e n  
and carbon d i o x i d e ,  and t h e  h e a t  c o n t e n t  and i t s  
e f f i c i e n c y  of  usage a r e  g r e a t l y  reduced. I n  a d d i t i o n ,  
t h e  energy genera ted  by combustion of t h e  r e s i d u a l  
25 cha r  i n  t h e  rock is cons ide rab ly  less than  might . 
a n t i c i p a t e d ,  because of high tempera ture  endothermic 
minera l  carbonate  decompositions which occur  when 
t h e  c h a r  i s  burned. I n  s h o r t ,  t h e  f u e l s  a r e  i n  d i l u t e  
forms and t h e  energy c o n t e n t s  have low thermodynamic 
30 a v a i l a b i l i t y .  T h i s s e v e r e l y r e d u c e s  o r  e l i m i n a t e s  t h e i r  
commercial va lue .  Areas i n  which western  o i l  s h a l e  
would be developed c o n t a i n  l i t t l e  or no nearby indus- 
t r i a l  base which could  use  such f u e l ,  and t h e  g a s  and 
c h a r  would r e q u i r e  p r o h i b i t i v e l y  c o s t l y  t r a n s p o r t .  
This combined wi th  very low v a l u e  causes  char  and 
g a s  i n  excess  of process  f u e l  requirements  t o  be 
waste d i e p o s a l  problems, r a t h e r  than  s a l e a b l e  by- 
produc t e .  
5 The illx)vu c h a r a c t e r i s t i c s  of r e t o r t i n g  a r e  
drawbaokn, e l ~ l u u  otrc6rqy i n  e a l e a b l e  form is t h e  
d e s i r e d  1)roduct. Requirements f o r  hea t ing  rock to 
high tumlwraturc,  encewsive convers ion  of  o rgan ic  
mat te r  tc~ c h a r  and i j a ~ ,  and t h e  low va lue  of t h e  d i -  
10 l u t e d  energy c o n t e n t  of t h e s e  by-products combine t o  
reduce t h e  n e t  e a l e a b l e  energy to  1/3 to  1/2 below 
t h a t  conta ined i n  t h e  raw o i l  sha le .  
Solvent  e x t r a c t i o n  wi th  p y r o l y s i s  is  a n  a l t e r -  
n a t i v e  to  convent ional  r e t o r t i n g .  However, o i l  s h a l e  
I ! )  d i f f e r s  from o t h e r  carbonaceous-matter bear ing  m a t e r i a l ,  
such as c o a l ,  i n  t h a t  t h e  o r g a n i c  m a t e r i a l  i s  dis-  
persed throughout a  non-porous, inorgan ic  rock matr ix .  
T h u ~  pore  development and mass t r a n s f e r  cannot  depend 
as heav i ly  on s o l v a t i o n  of o rgan ic  m a t t e r  a s  i n  c o a l .  
20 Higher p e n e t r d t i o n  and mass t r a n s f e r  p r o p e r t i e s  a r e  
r e q u i r e d  f o r  t h e  s o l v e n t .  Dispersa l  of o i l  s h a l e  i n -  
o r g a n i c s  i n t o  t h e  e x t r a c t  i s  a l s o  t o  be avoided. A s  
an example, l i q u i d  products  of r e t o r t i n g  p rocesses  a r e  
contaminated t o  varying e x t e n t s  wi th  f i n e ,  inorgan ic  
25 p a r t i c l e s  produced dur ing  handl ing  and r e t o r t i n g .  The 
f i n e s  i n t e r f e r e  wi th  t h e  r e f i n i n g  and use  of t h e  pro- 
duc t s .  Techniques which a l l e v i a t e  t h e  problem would 
be u s e f u l .  
S u p e r c r i t i c a l  gas  (SCG) e x t r a c t i o n  has p o s s i b l e  
30 advantages w i t h  r e s p e c t  t o  t h e  above and has  t h e  po- 
t e n t i a l  t o  make t h e  energy i n  o i l  s h a l e  a v a i l a b l e  i n  
more concen t ra ted  form than  i n  convent ional  r e t o r t i n g .  
Th i s  i s  because of t h e  high s o l v e n t  e x t r a c t i o n  a b i l i t y  
and s o l v e n t  behavior  of s ~ p e ~ c r i t i c a l  gases .  SCG 
e x t r a c t i o n  has  been t h e  s u b j e c t  o f  a number of r e c e n t  
s t u d i e s .  I n  t h e  c a s e  of  c o a l ,  s imul taneous  p y r o l y s i s  
and e x t r a c t i o n  o f  p y r o l y s i s  p r o d u c t s  is  e f f e c t e d  a t  
t empera tu re s  o f  around 35'1°C and 450°C. E x t r a c t  y i e l d s  
5 i n  e x c e s s  o f  50% of  t h e  o r g a n i c  m a t t e r  i n  c o a l  and w e l l  
i n  e x c e s s  o f  v o l a t i l e  m a t t e r  c o n t e n t s  have been re- 
p o r t e d  when chemica l ly  i n e r t  SCG s o l v e n t s  a r e  used.  
The SCG e x t r a c t i o n  a b i l i t y  i s  due  to  nea r - l i qu id -  
d e n s i t y  s o l v e n t  power combined w i t h  g a s  phase mass 
10  t r a n s f e r  and p e n e t r a t i o n  p r o p e r t i e s  which i n h i b i t  
cok ing  r e a c t i o n s  t h a t  produce c h a r  and gas .  An 
o u t s t a n d i n g  c h a r a c t e r i s t i c  o f  t h e  c o a l  e x t r a c t s  is t h e  
h i g h  molecu la r  we igh t ,  a p r o p e r t y  n o t  c h a r a c t e r i s t i c  
o f  m a t t e r  which i s  s imply  v o l a t i l z e d  from coal. 
1 5  U.S. P a t e n t  No. 4,108,760 d i s c l o s e s  e x t r a c -  
t i o n  of kerogen and bitumen from o i l  s h a l e  o r  tar  s a n d s  
u s i n g  a s o l v e n t  under  s u p e r c r i t i c a l  c o n d i t i o n s .  I n  
t h e  c a s e  o f  o i l  s h a l e ,  c o n s i d e r a b l e  h e a t  i s  a p p l i e d  to  
t h e  s h a l e  b e f o r e  e x t r a c t i o n  i s  e f f e c t e d ,  and e x t r a c -  
20 t i o n  is carried o u t  a t  a t empera tu re  w i t h i n  t h e  r a n g e s  
o f  350°C t o  550°C, and p r e f e r a b l y  370°C to 450°C. 
These t e m p e r a t u r e s  are h i g h  enough to  c a u s e  bo th  de- 
p o l y m e r i z a t i o n  and c r a c k i n g  l e a d i n g  t o  c h a r  and g a s ,  
and they  i n v o l v e  a n  unncessa ry  expend i tu re  of  h e a t .  
25 The t empera tu re  c o n d i t i o n s  p r a c t i c e d  i n  t h i s  p a t e n t  
a r e  close to  t h e  c o n d i t i o n s  p r a c t i c e d  under  s t a n d a r d  
r e t o r t i n g  and o f f e r  no advantage  t h e r e o v e r  i n  terms 
of h e a t  r equ i r emen t s  wh i l e  adding  requi rements  f o r  
h igh  p r e s s u r e  vessels. Theoe c o n d i t i o n s  were u t i l i z e d  
30 s i n c e  t h e y  were b e l i e v e d  n e c e s s a r y  to p rov ide  u s e f u l  
e x t r a c t i o n  y i e l d s .  
S t a t emen t  of  t h e  I n v e n t i o n  
I t  h a s  now been d i s c o v e r e d  i n  accordance w i t h  
t h e  i n v e n t i o n  t h a t  u s e f u l  e x t r a c t i o n  can  be ach ieved  / i  ' - 
v 
a t  temperatures below 450°C, such as 350°C t o  42S°C, 
and even a t  tempera tures  below 350°C,such a s  a t  250°C 
t o  325OC. Residual  o rgan ic  m a t t e r  a f t e r  e x t r a c t i o n  
is  about  one-quarter  t h a t  l e f t  dur ing  p ro to type  com- 
5 merc ia l  r e t o r t i n g  and less g a s  and char  a r e  produced. 
These p rocess  advantages a r e  achieved by t h e  use  of 
s p e c i a l  s o l v e n t s ,  p a r t i c u l a r l y  those  having a Hilde- 
brand s o l u b i l i t y  parameter d i f f e r i n g  by less than  1-2 
Hildebrands from t h e  s o l u b i l i t y  parameter f o r  o i l  
10 s h a l e  bitumen. 
These and many o t h e r  f e a t u r e s  and a t t e n d a n t  
advantages of t h e  inven t ion  w i l l  become apparen t  a s  
t h e  inven t ion  becomes b e t t e r  understood by r e f e r e n c e  
t o  t h e  fo l lowing d e t a i l e d  d e s c r i p t i o n  when cons idered  
15 i n  con junc t ion  wi th  t h e  accompanying drawings. 
Br ief  Desc r ip t ion  of t h e  Drawing 
The Figuro i n  a graph showing e x t r a c t i o n  
e f f i c i e n c y  vereue temperature f o r  to luene  compared 
t o  s i n g l e  temperature r e s u l t s  f o r  pyr id ine  and low 
20 d e n s i t y  n i t rogen .  
Desc r ip t ion  of t h e  Invent ion  
Severa l  d e s c r i p t i o n s  of  t h e ' k i n e t i c s  of  o i l  
s h a l e  decomposition i n  i n e r t  a t m o ~ p h e r e s  wi thout  
s o l v e n t  e f f e c t s  i n d i c a t e  o i l  s h a l e  can be c h a r a c t e r i -  
25  zed as two m a t e r i a l s ,  kerogen and bitumen, t h e  l a t t e r  
being benzene so lub le .  Thermal decomposition o f  t h e  
m a t e r i a l s  can be desc r ibed  by a k i n e t i c  mechanism 
meking two consecut ive  f i r s t  o r d e r  r e a c t i o n s :  
1 K e r r ~ c l ~ t r ~  4 Bitumen + Gas + Char (1 )
30 ulturt~on O i l  + Gas + Char (2 ) 
The tompiurn t.urc~ ticu[)ondence of both r a t e  c o n s t a n t s  i s  
a v a i l a b l e  f o r  t h e  400°C t o  52S°C range. Extrapola-  
t i o n  of t h e  v e r y l i n e a r l n  k ve r sus  1 / T  ( O K )  depen- 
dence of kl i n t o  t h e  330° t o  393OC range of  i n t e r e s t  
should y i e l d  reasonably  a c c u r a t e  kl va lues  u n l e s s  a 
5 change i n  t h e  p y r o l y s i s  mechanism occurs  over  t h e  
range of t h e  e x t r a p o l a t i o n .  A t  350°C, kl then  e q u a l s  
3 x l o g 3  eec -l, and t h e  corresponding f i r s t  o r d e r  
h a l f  l i f e  of  kerogen dur ing  conversion t o  bitumen 
would be 230 sec .  Rapid and q u a l i t a t i v e  e x t r a c t i o n  
10 of  t h e  a r g a n l c s  i n  o i l  s h a l e ,  even a t  tempera tures  of 
350°C and below, can be expected wi th  s u p e r c r i t i c a l  
gases  having t h e  proper  s o l v e n t  p r o p e r t i e s .  
Solvent  theory  is  u s e f u l  i n  de termining t h e  
needed s u p e r c r i t i c a l  g a s  (SCG) p r o p e r t i e s .  The theory  
15 of  SCG e x t r a c t i o n  is c u r r e n t l y  approached by t r e a t i n g  
t h e  dense gas  e i t h e r  a s  a h igh ly  ccmpressed g a s  o r  a s  
an  expanded l i q u i d .  I t  is  c l e a r  t h a t  some success  
has occurred  i n  p r e d i c t i n g  single-component so lu-  
b i l i t i e s  i n  s u p e r c r i t i c a l  gases .  However, a p p l i c a t i o n  
20 has n o t  been mado t o  h igh ly  complex hydrocarbon mix- 
t u r e s ,  such a s  oil and c o a l  e x t r a c t s .  A u s e f u l  a l ter-  
n a t i v e  has been to  extend t h e  concept  of s o l u b i l i t y  
parameter ,  which i s  r e g u l a r l y  used i n  understanding 
l i q u i d  s o l u t i o n s ,  t o  s u p e r c r i t i c a l  gases .  
2 I' J The oolubi  li t y  parameter concept ,  developed by 
Hildebrand and Scatchard  i s  based on t h e  concept  of 
cohes ive  energy d e n s i t y  and t h e  w e l l - t e s t e d  p r e c e p t  
t h a t  a c o r r e l a t i o n  e x i s t s  between cohes ive  energy 
d e n s i t y  and t h e  mutual s o l u b i l i t y  of subs tances .  The 
30 s o l u b i l i t y  parameter is d e f i n e d  a s :  
6 = (E/V) 1/ 2 ( 3 )  
where 6 i n  Hildebrands i s  ( c a l / ~ m ~ ) l / ~ .  E i s  t h e  energy 
requ i red  t o  conver t  one mole of a g iven subs tance  from 
t h e  s t a t e  of irltcarilnt t o  a n  i n f i n i t e l y  expanded gas ,  
J', t h e  cohenivu urlcattjy, and V i e  t h e  molar volume of  t h e  
subs tance  i n  the  s t a t e  of i n t e r e s t .  For p r e s e n t  pur- 
poses E i s  taken a s  -(AHvap-RT). I t  has been 
shown t h a t  t h e  f r e e  energy o f  mixing i s  minimized 
and complete m i ~ c i b i l i t y  occurs  f o r  non-polar l i q u i d s  
5 when t h e  6 of both s o l v e n t  and s o l u t e  a r e  equal .  
Limited s o l u b i l i t y  occurs  when 6 va lues  d i v e r g e  auf- 
f i c i e n t l y .  The concept  has  a l s o  been extended t o  
s o l i d s  and p o l a r  l i q u i d s .  I n  a d d i t i o n ,  t h e  theore-  
t i c a l  e v a l u a t i o n  of s o l u b i l i t i e s  based on s o l u b i l i t y  
1 0  parameters  i s  devoloping. 
The Van dur  Waals c o n s t a n t  "a1' from t h e  equa- 
t i o n  o f  s t a t e  f o r  gaouo has been used t o  e s t i m a t e  
s o l u b i l i t y  parametere f o r  l i q u i d s ,  and t h e  success  
has led t o  t h e  d e r i v a t i o n  of t h e  fo l lowing r e l a t i o n  
1 5  f o r  e s t i m a t i n g  6 v a l u e s  f o r  s u p e r c r i t i c a l  gases :  
where 6 and d l  are t h e  s o l u b i l i t y  parameters  of  t h e  
9 
g a s  and t h e  room temperature l i q u i d ,  and d and dl g 
a r e  t h e  d e n s i t i e s  of  t h e  g a s  and t h e  room temperature 
20 l i q u i d .  This  equa t ion  is-tlyusedintheSOGresearch 
community. I t  i n d i c a t e s  t h e  s o l u b i l i t y  parameter o f  
a  ~ u p e r c t i t i c a l  gas (SCG) v a r i e s  d i r e c t l y  wi th  
d e n s i t y ,  and t h e r e  ie no p rov i s ion  f o r  temperature.  
This  is a d i r e c t  r e s u l t  of t h e  use  of  the  Van d e r  Waals 
2 5  equa t ion  for tliu dor iva t ion .  
Tht3 eo lu l~ l  1 l t y  parameter of m a t e r i a l s  f o r  
which va lues  of the cohes ive  energy and/or molar 
volume are unnvai lable ,  such a s  o i l  s h a l e  bitumen, 
can be e ~ t . i m a t e d  by us ing  c o r r e l a t i o n s  between 6 and 
3 0 t h e  r e f r a c t i v e  index. The fol lowing e s t i m a t i o n  is  
used r 
where n is  t h e  r e f r a c t i v e  i ndex  and C i a  a c o n s t a n t  
r e p r e s e n t a t i v e  o f  t h e  chemica l  compound type .  C 
r anges  from a low o f  approximate ly  230 f o r  branched 
a l i p h a t i c  polymere to a high  o f  353 f o r  a l i p h a t i c  
5 ester polymers.  The ave rage  v a l u e  of  C over a broad 
r ange  of  compounds, i n c l u d i n g  b u t  n o t  l i m i t e d  to  
polymers ,  is abou t  308. I f  it i s  assumed t h a t  t h e  
bitumen produced i n  t h i s  experimentat;Dn h a s  a b o u t  
t h e  same c l cmun ta l  d i s t r i b u t i o n  as o i l  s h a l e  kerogen,  
SN 0 10 namely C200B300 11, t h e n  t h e  material s h r u l d  con- 
t a in  a broad  r ange  o f  chemica l  f u n c t i o n a l  g roups ,  i r ~  
c l u d i n g  l a r g e  c o n t r i b u t i o n s  from u n s a t u r a t e d  and he t e -  
roa tomic  groups.  T h i s  assumpt ion  is  c o n s i s t e n t  w i t h  
r e s u l t s  from a n a l y s e s  o f  s h a l e  o i l  which show a rough 
1 5  d i s t r i b u t i o n  amounting to  11 w t %  s a t u r a t e d  hydro- 
c a r b a n s ,  18% o l e f i n s ,  100 a r o m a t i c s ,  36% n i t r o g e n  
conpounds, 6% s u l f u r  compounds, and 19% oxygen com- 
pounds. Thc vnluu of  C used  w i t h  Equat ion  5 f o r  t h e  
o i l  a h a l u  biturnell I n  a c c o r d i n g l y  chosen as t h e  broad 
20 r ange  v a l u e  of 3Ot l .  The room tempera tu re  v a l u e s  f o r  
t h e  refractive index  o f  t h e  bitumen and t h e  o i l  ex- 
t r a c t e d  i n  this work are 1.62 t o  1.53,  and Equat ion  S 
y i e l d s  a n  ave rage  room t empera tu re  s o l u b i l i t y  para-  
meter e s t i m a t e  f o r  t h e  compounds compr is ing  t h e  b i -  
25 tumen of 1 0 . 4 ~ b .  The v a l u e  o f  10.4 h a s  been tempera- 
t u r e  c o r r e c t e d  w i t h  t h e  fo l lowing  r e l a t i o n s h i p  d e r i v e d  
f o r  po lymer ic  m a t e r i a l s :  
1.13 
( 6 )  
where 61and a r e  t h ~  s o l u b i l i t y  pa rame te r s  a t  t h e  
r e f e r e n c e  t empera tu re  and t h e  t empera tu re  o f  i n t e r ~ s t  
30 and dl  and d 2  are t h e  r e s p e c t i v e  d e n s i t i e s .  Bas lag  
t h e  d e n s i t y  change o f  t h e  bitumen between room and 
exper imenta t ion  temperatures on t h e  volumetr ic  ex- 
pansion c o e f f i c i e n t  f o r  petroleum a t  100°C, namely 
about  : O - ~ / O C ,  y i e l d s  estimates of t h e  s o l u b i l i t y  
parameter of t h e  bitumen ranging from 7.7Hb a t  330°C 
5 t o  7.3Hbat393OC. Usinganaveragevalueof7.5, 
t h e  optimum s o l v e n t s  p red ic ted  by s o l u b i l i t y  parameter 
theory ,  as shown below, f o r  use  i n  t h e  s u p e r c r i t i c a i  
g a s  (SCG) e x t r a c t i o n  of  o i l  s h a l e  i n  accordance wi th  
khe invent ion  would have s o l u b i l i t y  parameters  rcnging 
10 f r o m a b o u t  6 .0  to  about 9.OHb, w i t h l i m i t e d  tempera- 
t u r e  dependent eolubility expected a t  t h e  extremes of 
t h e  range. 
The theory used f o r  p r e d i c t i o n  is as fol lows.  
I n  genera l ,  s o l u b i l i t y  o r  m i s c i b i l i t y  o f  two substarrces 
15 is  t o  be expected i f  t h e r e  is a dec rease  i n  t h e  f r e e  
energy of mixing, i .e., 
i n a s m r h  as  t h e  ent ropy of mixing, ASmix, i s  always 
p o s i t i v e  (i .e.,  - TASmix < O ) ,  t h e  en tha lpy  of mixing, 
'0 AHmix, w i  11 virtually determine solubility. !I¶E latter for m- 
polar and sane polar subs tances  i s  p o s i t i v e ,  and its magnitude 
i s  p r o p o r t i o n a l  t o  t h e  square  o f  t h e  d i f f e r e n c e  between 
t h e  r e s p e c t i v e  s o l u b i l i t y  parameters ,  6, which are t h e  
square  r o o t s  of t h e  cohesive-energy d e n s i t i e s :  
25 AHmix V (61- d 2 )  (8  1 2 
The closer t h e  s o l u b i l i t y  parameter v a l u e s  of t h e  two 
subs tances ,  t h e  smal le r  t h e  AHmix w i l l  be; and t h e  
dec rease  i n  t h e  f r e e  energy dur ing  mixing w i l l  be 
g r e a t e r .  The fo l lowing approximation was ob ta ined  by 
30 Hildebrand and S c o t t  f o r  t h e  c o n d i t i o n  of  immisc ib i l i ty :  
When a n  approximation is made for t h e  e f f e c t i v e  molar 
volume 3f t h e  s o l u t i o n ,  V,  by us ing  t h e  a r i t h m e t i c  mean 
o f  t h e  molar volumes o f  t h e  p u r e  s u b s t a n c e s ,  V1 and 
V2,  t h e  expreaa ion  can be r e a r r a n g e d  to y i e l d :  
1 / 2  (V1 + V2)  (h1-h212 - > 1 (1@) 
2 RT 
5 L e t  Q d e n o t e  t h e  l e f t - h a n d  s i d e  o f  e q u a t i o n  (10 ) .  I f  
Q is g r e a t e r  t han  1 f o r  a  g i v e n  p a i r  o f  subs t ances ,  
t h e n  e q u a t i o n  (10)  i s  s a t i s f i e d ,  and t h e  s u b s t a n c e s  
are l i k e l y  to  be immiscible .  S o l u b i l i t y  o v e r  a 
l i m i t e d  r ange  o f  c o n c e n t r a t i o n s ,  however, w i l l  s t i l l  
13 occur .  
I n  t h e  c a s e  of  o i l  s h a l e  bitumen a t  350°C w i t h  
a s o l u b i l i t y  parameter  of  7.5Hb and a molar volume o f  
a b o u t  1000 cc, e q u a t i o n  10  y i e l d s  a n  e s t i m a t e d  SCG 
s o l u b i l i t y  parameter  ranging  between 6.0 and 9.0 Hb 
1 5  f o r  complete  m i s c i b i l i t y  between t h e  SCG and bitumen. 
E x t r a c t i o n s  o u t s i d e  t h i s  r ange  would be expec ted  t o  
show l i m i t e d  and temperature-dependent  bitumen so lu -  
b i l i t i e s .  The v a l u e s  f o r  t h e  end o f  t h e  complete  m i s -  
c i b i l i t y  range ,  however, are n o t  e x a c t ,  because o f  
20 u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  t h e  v a l u e s  o f  t h e  o i l  
s h a l e  bitumen s o l u b i l i t y  parameter  and molar volume. 
E x t r a c t i o n s  performed w i t h i n  b u t  n e a r  t h e  extremes of 
t h i s  c a l c u l a t e d  r ange  might  show l i m i t e d  and tempera- 
t u r e  dependent  bitumen s o l u b i l i t i e s .  
25  The r a t i o  of  s o l v e n t  t o  o i l  s h a l e  can  be 
v a r i e d  ove r  broad ranges .  The amount o f  o i l  s h a l e  
can  be 1 t o  99% by weight  o f  t h e  t o t a l  mix tu re  o f  
c o a l  and s o l v e n t .  U s e  o f  e x c e s s  s o l v e n t  p r o v i d e s  
increased e x t r a c t i o n  though it a l s o  r e q u i r e s  con- 
30 s i d e r a b l e  handl ing  and s e p a r a t i o n  e f f o r t  t o  r ecove r  
t h e  e x t r a c t  and t h e  s o l v e n t  f o r  r e c y c l e .  The re fo re ,  
t h e  amount o f  s h a l e  i n  t h e  r e a c t o r  is p r e f e r a b l y  from 
1 0  t o  60% of  t h e  t o t a l  weight  o f  s h a l e  p l u s  s o l v e n t .  
The p rocess  of t h e  inven t ion  i s  capab le  of 
e x t r a c t i n g  f a i r l y  l a r g e  lumps of  s h a l e  and it is n o t  
be l ieved t o  be necessary  t o  subdivide  and c l a s s i f y  
t h e  s h a l e  below about  5 mesh be fo re  process ing  i n  
5 accordance wi th  t h e  invent ion .  The p rocess  can be 
p r a c t i c e d  over  f a i r l y  broad p r e s s u r e  ranging from 
0.1 t o  100 MPa, u s u a l l y  from 5 t o  25 MPa. The pro- 
cess can be ba tch ,  wi th  o r  wi thout  s o l v e n t  r e c y c l e ,  
o r  cont inucus .  The o i l  s h a l e  can be r e s t r a i n e d  i n  a  
10 porous c o n t a i n e r  or f r e e l y  suspended i n  t h e  super- 
c r i t i c a l  gas  (SCG) s o l v e n t  suspended i n  a  f l u i d i z s d  
bed, o r  he ld  by a g r a t i n g  arrangement. 
Experiments fa l low:  
Experirrents were performed wi th  a  convent ional ,  
15  s u p e r c r i t i c a l  gas (SC(;) e x t r a c t i o n  appara tus .  The 
appara tus  is a 300 cc s t a i n l e s s  steel r e a c t o r  wi th  
a t t e n d a n t  gauging and c o n t r o l s .  The o i l  s h a l e ,  8  
grams of m a t e r i a l  wi th  p a r t i c l e  d iamete r s  ranging 
between 50 and 188 microns, was enclosed i n  a  f i n e  
20 mesh s t a i n l e s s  s t e e l  baske t  l o c a t e d  nea r  t h e  t o p  of 
t h e  r e a c t o r  and under a f l u i d  c i r c u l a t i n g  stirrer. 
Experimentation was performed by p lac ing  l i q u i d  s o l -  
v e n t  (approximately 150 grams) i n  t h e  r e a c t o r  bottom, 
i n s e r t i n g  t h e  e x t r a c t i o n  baske t  a t  t h e  t o p  of t h e  
2 5  r e a c t o r ,  and then hea t ing  r e a c t o r  and c o n t e n t s  t o  
t h e  chosen exper imenta l  temperature.  The r e a c t o r  
was maintained a t  c o n s t a n t  temperature f o r  four  hours 
and subsequcnt.ly dllowed t o  coo l .  Heat-up and cool-  
down t i m e n  were both approximately 1 hour. Se lec ted  
30 e x t r a c t s  were sel)arat.ed from t h e  condensed SCG by 
vacuum d i s t i l l a t i o n  a t  10 t o r r  wi th  a  n i t rogen  flow 
a s s i s t .  Raw and e x t r a c t e d  s h a l e  were analyzed f o r  
carbon,  hydrogen, and Kje ldahl  n i t rogen ,  and r e s u l t s  
were compared wi th  a n a l y s e s  of  raw s h a l e  (Table 1) 
t o  d e r i v e  va lues  of t h e  e x t r a c t i o n  e f f i c i e n c y  of  
o r g a n i c  mat te r  and H/C r a t i o s  of t h e  e x t r a c t s .  I t  
was assumed i n  t h e s e  c a l c u l a t i o n s  t h a t  e lementa l  
oxygen and s u l f u r  a t  a t o t a l  o f  about  6 w t %  were 
5 e x t r a c t e d  wi th  t h e  same e f f i c i e n c y  as t h e  t o t a l  
e f f i c i e n c y  i n  e x t r a c t i n g  C,  H p l u s  N. E x t r a c t  
molecular  weights  were determined by g e l  permeation 
l i q u i d  chromatography us ing  d e t e c t i o n  by d i f f e r e n t i a l  
r e f rac tomet ry  and w i t h  methylene c h l o r i d e  a s  so lven t .  
10 Separa te  r e f r a c t i v e  i n d i c e s  of t h e  bulk e x t r a c t s  were 
determined by d i s s o l v i n g  t h e  bitumens i n  carbon tetra- 
c h l o r i d e  and e x t r a p o l a t i n g  r e s u l t s  t o  zero  s o l v e n t  
c o n t e n t ,  o r  by d i r e c t  de te rmina t ion  i n  t h e  c a s e  
of t h e  o i l .  
1 5  The r e s u l t s  a r e  compared i n  t h e  Figure  and i n  
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The d a t a  shows t h a t  a t  l e a s t  92% of  t h e  
o rgan ic  m a t t e r  i n  o i l  s h a l e  can be e x t r a c t e d  us ing  a 
s u p e r c r i t i c a l  gas  (SCG). R e s u l t s  (Figure  1 and Table 
1) f o r  to luene  show a n  e s s e n t i a l l y  l i n e a r  temperature 
5 dependen.:e f o r  t h c  p e r c e n t  of  t o t a l  o r g a n i c  m a t t e r  
e x t r a c t e d  ( e x t r a c t i o n  e f f i c i e n c y )  i n  t h e  range  of 
330°C t o  393'C. A blank experiment a t  385OC using 
pure  low-density n i t rogen  a t  0.21 MPa shows t h e  d i f -  
f e r e n c e  between e x t r a c t i o n  wi th  a  dense  gaseous sol- 
1 0  v e n t  and simple v o l a t i l i z a t i o n  wi thout  s o l v e n t  e f f e c t s .  
Toluene e x t r a c t s  a t  a l l  tempera tures  except  450°C 
a r e  bitumens wi th  molecular  weights  ranging up t o  
about  two thousand. A t  450°C t h e  to luene  e x t r a c t  is  
a s h a l e  o i l  o i t h  an average molecular  weight of  about  
1 5  300. The H/C atom r a t i o  of these e x t r a c t s  averages  
1.65. 
A comparison between t h e  es t ima ted  s o l u b i l i t y  
parameters  of  t h e  bitumen and s u p e r c r i t i c a l  g a s  (SCG) 
s o l v e n t  i n d i c a t e s  t h e  observed temperature dependence 
20 of  t h e  SCG to luene  e x t r a c t i o n s  is understandable.  
For SCG to luene  a t  t h e  0.53 gm/cc d e n s i t y  used,  t h e  
es t ima ted  s o l u b i l i t y  parameter based on Equation 4 i s  
5.5, compared t o  t h e  7.3 t o  7.7 prev ious ly  es t ima ted  
f o r  t h e  bitumen. A s  d i scussed ,  t h e s e  6 v a l u e s  a r e  
25 s u f f i c i e n t l y  d i f f e r e n t  t o  a l low p r e d i c t i o n ' o f  a  t e m -  
perature-dependent ,  l i m i t e d  s o l u b i i i t y  f o r  t h e  b i -  
tumen i n  s u p e r c r i t i c a l  to luene  and p r e d i c t i o n  t h a t  
g r e a t e r  s o l u b i l i t y  would occur  wi th  s o l u b i l i t y  para-  
meters above 5.5. E x t r a c t i o n  wi th  p y r i d i n e  a t  363OC 
30 was performed t o  determine whether a  h igher  s o l u b i l i t y  
parameter indeed i n c r e a s e s  e x t r a c t i o n .  Comparison 
of r e s u l t s  between e x t r a c t i o n  wi th  to luene  and p y r i d i n e  
is  inc luded i n  F igure  1 and Table 1. E x t r a c t i o n  e f -  
f i c i e n c y  i s  improved a s  p r e d i c t e d  and is  inc reased  by 
about  1/6 with pyr id ine ,  which has a n  Equation 4 6 of 
6.0 under experimental  cond i t ions .  Both o rgan ic  ca r -  
bon and o rgan ic  hydrogen e x t r a c t i o n  i n c r e a s e  by t h e  
same amount wi th  pyr id ine .  Addi t iona l ly ,  enhanced 
5 e x t r a c t i o n  a t  tempera tures  below 400°C i s  expected 
wi th  SCG s o l v e n t s  having s o l u b i l i t y  parameters  above 
6.0, t h e  minimum 6 considered  u s e f u l  below 400°C. A 
v a l u e  of 7.0 to  8.0 i s  cons idered  opt imal  a t  tempera- 
t u r e s  of  400°C and below. 
10 A way t o  understand how t o  most e f f i c i e n t l y  
ach ieve  a n  inc reased  s o l u b i l i t y  parameter is  t o  con- 
s i d e r  reduced v a r i a b l e s  ( i .e . ,  p r e s s u r e ,  temperature,  
or d e n s i t y  d iv ided  by c r i t i c a l  p r e s s u r e ,  c r i t i c a l  
temperature o r  c r i t i c a l  dens i tyf  r e s p e c t i v e l y ) .  Solu- 
1 5  b i l i t y  parameters  can be inc reased  by i n c r e a s i n g  t h e  
SCG d e n s i t y  of a s p e c i f i c  compound o r  by us ing  a  
d i f f e r e n t  compound wi th  a h igher  l i q u i d  phase so lu-  
b i l i t y  parameter ( equa t ion  4 )  . I n  g e n e r a l ,  e x t r a c t i o n  
wi th  a  s o l v e n t  having a reduced d e n s i t y  above around 
20  1 .5  r e s u l t s  i n  such high a b s o l u t e  p r e s s u r e s  t h a t  one 
normally chooses t o  s t a r t  wi th  a  compound wi th  a 
h igher  l i q u i d  phase s o l u b i l i t y  parameter .  This  de- 
c r e a s e s  t h e  requ i red  reduced d e n s i t y  and a t t e n d a n t  
p ressure .  A t  t h e  same time one u s u a l l y  chooses a  
25 s o l v e n t  t o  match exper imenta l  temperatures such t h a t  
t h e  reduced temperature does n o t  exceed about  1 .5 .  
Otherwise fexcess ive ly  high p r e s s u r e  aga in  r e s u l t s .  
A t  t h e  l i m i t s  of t h e s e  two c o n s t r a i n t s  t h e  
reduced p r e s s u r e  i s  about  6, corresponding t o  an  ab- 
30 s o l u t e  range cover ing  roughly 3000 t o  6000 p s i .  These 
p r a c t i c a l i t i e s  a r e  e v i d e n t  upon i n s p e c t i o n  of  p l o t s  
of reduced s t a t e ,  such a s  f o r  C 0 2  ( b u t  g e n e r a l i z a b l e  
t o  o t h e r  gases  through t h e  l a w  of  corresponding s t a t e s ) .  
I t  is ev iden t  t h a t  minimizing p r e s s u r e  is impor tant  
if this technology is to be used. However, these con- 
straints might be slightly relaxed in favor of other 
practical criteria for solvent choice discussed below. 
If these constraints are met, the number of 
5 compounds which are useful in produciiig SCG solubility 
parameters of 6.0 or higher is limited, particularly 
when certain additional practicalities are considered. 
The requirement for not exceeding a reduced tempera- 
ture of 1.5, as an example, correspcnds for a 250°C 
10 extraction to a requirement for compounds with critical 
temperatures above 7S°C (if the reduced density exceeds 
1.0,the lowest acceptable critical temperature might 
be increased to avoid excessive pressure). In addi- 
tion, choosing the SCG reduced density to be 1.5 for 
15 the preferred example of a SCG solubility parameter 
between 7 and8 Hbwould require a liquid solubility 
parameter between 10.9 and 12.4 Hb. Allowing the SCG 
reduced density to be chosen from a range of values 
below 1.5 would result in a wider acceptable range of 
20 liquid solubility parameters consistent with the re- 
quired SCG solubility parameter range. Thus, very 
high solubility parameter compounds, such as ammonia, 
sulfur dioxide and water, can be used by reducing suf- 
ficiently the SCG density. 
25 The range of values for the liquid solubility 
parameter consistent with a SCG value ranging between 
7 and 8 Rb (while maintaining a SCG reduced density 
equal to 1.5) is based on the following equation: 
10.7 Hb (minimum) = (7.0 Hb) (2.3)/1.5 
3 0 12.4 Hb (maximum) = (8.0 Hb) (2.3) /l. 5 (11) 
where 2.3 is an approximation for the reduced density 
of any liquid and 1.5 is roughly the maximum accept- 
able reduced density of the SCG (as discussed above). 
As can be seen, reduced densities below 1.5 call for a 
35 higher liquid solubility parameter range. 
Besides the solubility parameter requirements. 
the SCG chosen must meet certain practical considera- 
tions. The SCG must have acceptable thermal stability 
under the conditions of extraction (a significant con- 
5 sideration, since many high solubility parameter com- 
pounds will decompose, some violently, upon heating to 
several hundred degrees Centigrade). In addition, the 
compounds chosen must be available in large quantity 
and at low cost. Few substances meet all these cri- 
10 teria. Some of the compounds which are believed to 
meet the criteria for an SCG solubility parameter above 
6.0 are listed in Table 2. 
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In general, compounds of use would have critical 
temperatures above 7S°C (minimum extraction tempera- 
ture 250°C) and liquid phase solubility paraneters 
above 9.3 Hb (minimum SCG solubility parameter of 
6.0). Distillation cuts from the SCG oil shale 
extract or other shale oils, distillates or extracts, 
from coal tars or bitwnens, or from pyrolyzed bio- 
mass are expected to be useful SCG solvents so long 
as the collective solubility parameter and critical 
constants are near to or within the specifieh ranges. 
Other compound classes of particular interest are 
mono alcohols and thiols with 10 carbons or less, 
mono-carboxylic acids with 8 carbons or less and 
diols and triols with less than 8 carbons; aromatic 
compounds containing up tc 10 carbons; alcohol-amines 
of up tc 8 carbmo, mono-amines of up to 5 carbons, 
diamines of up to 8 carbons, ketones of up to 4 car- 
bons, esters of up to 10 carbons, and mixtures there- 
of. It is of course understood that the identity of 
the compound is incidental to the criteria estab- 
lished for critical constants and solubility param- 
eter. Any compound meeting these criteria could be 
used since it io the physical criteria that establish 
utility. 
Extraction above the critical temperature is 
not a requirement. An extraction system does not 
have to be at a temperature in excess of the criti- 
cal temperature of the solvent for the density of 
the gas phase to be within the established criteria. 
However, in general, the reduced temperature should 
bs greater than about 0.90 of the critical tempera- 
ture of the solvent. Otherwise, the density of the 
gasphasewill be too low to allow SCG solubility 
parameters above the approxiaate minimum 6.0 Hb, 
regardless of the solvent chusen. 
The results demonstrate the powerful solvent 
properties of supercritical gases (SCG).  Residual 
organic matter after extracting at 4 5 0 ° C  is one-half 
that left by modified Fischer assay, and it is prob- 
5 ably one-quarter or less of that which would be gen- 
erated during prototype commercial retorting. In 
addition, the data shows organic matter removal 
occurring below 4 5 0 ° C  can be greater than that found 
with prototype retorting. Higher solubility param- 
10 eter solvents are expected to improve these results. 
Certain process advantages associated with the tech- 
nique could occur) namely, those associated near 
quantitative removal of organic matter and with the 
presumably lower gas generation associated with lower 
15 temperatures and reduced char formation. In addi- 
tion, the enhanced extraction efficiency and lower 
temperature of extraction may result in a residual 
char which contains lower concentrations of muta- 
genic substances than those found in conventionally 
20 produced oil shale char. This possibly would improve 
the ease of disposal of oil shale char. 
It is to be realized that only preferred 
embodiments of the invention have been described and 
that numerous substitutions, modifications and alter- 
25 ations are perrr lssible without departing from the 
spirit and scope of the invention as defined in the 
following claims. 
ABSTRACT 
OIL SHALE EXTRACTION USING 
SUPERCRITICAL EXTHACTION 
Significant improvement in oil shale extrac- 
5 tion under supercritical conditions is provided by 
extracting the shale at a temperature below 400°C, 
such a3 from about 250°C to about 350°C, with a sol- 
vent having a Hildebrand solubility parameter within 
1-2 Hb of the solubility parameter for oil shale 
10 bitumen. 
